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OBJECTIVES
The scientific objectives are to: 1) document the structure and characteristics of entrainment circulations and processes in marine stratocumulus and evaluate the role of vertical wind shear at cloud top in affecting these process, 2) investigate the relative role of cloud thickness, cloud turbulence intensity, and aerosols on precipitation production; and 3) examine the role of GCCN and cloud electrification on the observed rapid production of precipitation in marine boundary layer clouds. The drizzle-cloud-aerosol interaction components will be aimed at better understanding equilibrium cloud and aerosol states that appear to be due to natural processes, but can be modified inadvertently or intentionally by man-made aerosol sources.
APPROACH
The observations for this study are principally made using the CIRPAS Twin Otter (TO) research aircraft. A key observing system for this work is an FMCW Doppler cloud radar (operating at a wavelength of 3mm) tracks drizzle and cloud features as the aircraft makes simultaneous in situ measurements of aerosols, clouds, precipitation, and turbulence.
Innovative approaches are developed to advance are capability to study the dynamical and microphysical processes operating in boundary layer clouds. One technique developed uses radar chaff dispersed at cloud boundaries to track air motions and circulations in and around clouds using the FMCW cloud radar and the CIRPAS MWR-05-XP scanning phased array X-Band radar (operating at 3 cm). The scanning radar is located on-shore and tracks the temporal evolution of 3-D chaff clouds from chaff dispersed just above the top of coastal stratocumulus clouds and sampled by the FMCW cloud radar on the TO flying below the cloud top within the scan volume of the X-Band radar. A second technique used for this project was the seeding of clouds with salt powder to study the response of cloud and drizzle processes to the artificial introduction of giant cloud condensation nuclei (GCCN) under varying aerosol background conditions. Giant cloud condensation nuclei in the form of small salt particles are introduced artificially into stratocumulus clouds to study the effect of these particles on precipitation processes. A third technique developed and applied as part of this project was the use of field mills operating from the TO to examine the electric fields near and in shallow warm clouds. These observations are combined with the TO cloud radar and in situ measurements to evaluate the mechanisms and processes that can cause the rapid and relatively heavy precipitation development in small cumuli and stratocumulus clouds.
The observations used in this study were obtained during a number of past field campaigns that were planned and carried out by our research group in collaboration with Dr. Haf Jonson and his research and flight operations staff. These campaigns included the Barbados Aerosol Cloud Experiment (BACEX) 15 March to 15 April 2010 (Jung et al.,2013) . The purpose of this field experiment was to observe the time evolution of the cloud and precipitation characteristics of individual oceanic cumulus clouds and to develop statistics on aerosol, cloud, and precipitation under varying aerosol conditions. CIRPAS Twin Otter observations made as part of the July-August 2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) 2011 (Russell et al, 2012) cloud radar observations from the CIRPAS Twin Otter were made in stratocumulus clouds off the coast of California. A set of experiments from E-PEACE where giant (salt) nuclei where intentionally dispersed in solid stratocumulus clouds off the coast provide observations to examine the role of giant cloud condensation nuclei (GCCN) on precipitation formation. In another deployment, observations from 18 CIRPAS Twin Otter flights made during cumulus clouds observed from Key West Florida as part of the Key West Aerosol Cloud Experiment (KACEX) in April-May 2012 provided observations for our current studies of the processes responsible for the fast generation of precipitation and the high precipitation efficiency of these clouds. Two field mills operated on the TO were used to examine the e-fields near and in clouds. Our research group planned and carried out the Stratocumulus Entrainment and Precipitation Study (SEPS) in August-July of 2014. A total of 16 flights were made with the CIRPAS Twin Otter and an excellent data set of precipitating non-precipitating stratocumulus clouds was obtained. Cloud seeding, chaff, and electric field studies were all made during SEPS. In addition, during four of the flights, the CIRPAS MWR (scanning phased array X-Band) radar was used to track chaff releases made above the inversion capping the coastal stratocumulus decks sampled by the TO.
As part of an effort planned for the summer of 2015, the FMCW Doppler cloud radar (equipped with larger antennae for higher sensitivity) will be operated in conjunction with other remote sensing systems (ceilometer and microwave radiometer) at a surface site near Marina California to examine the turbulence and turbulence dissipation rates in the entrainment zone at the tops of marine stratocumulus that move on shore. The high vertical resolution (5 m) of the FMCW radar will allow for an unprecedented opportunity to quantify the turbulence and entrainment processes near cloud top under varying wind shear conditions at cloud top.
WORK COMPLETED
Using BACEX observations, the circulations in and around shallow cumulus were studied using a newly-developed technique using an airborne cloud radar to track circulations in the clear air around and beneath the cloud using radar chaff. The chaff is used to track motions associated with entrainment and detrainment processes at the top and edges of cumulus clouds using the airborne FMCW 95 GHz Doppler radar on the Twin Otter. The chaff used for this experiment was pre-cut metallic coated fibers (cut to 1/2 of the wavelength of the radar for maximum response) that were dispersed from canisters carried in a pod beneath the wing of the CIRPAS Twin Otter. The chaff experiments were designed to examine entrainment-detrainment processes and the subsiding shells observed around small cumulus clouds. This work is described in recently publised paper in Journal of Applied Meteorology and Climate .
Using the E-PEACE observations, the effects of giant cloud condensation nuclei (GCCN) on precipitation processes in stratocumulus clouds were studied. One case has been studied in depth and the results have been prepared and a draft manuscript that is now in its final stages will be submitted to Atmospheric Chemistry and Physics.
Mechanisms for the electrification of small cumuli and stratocumulus clouds were topics of discussion more than 40 years ago. In this same timeframe, research was done on how electrical fields in these clouds can influence collision and coalescence processes. But work on this topic during the two decades has been limited and there have been few direct observations to confirm various proposed cloud microphysical and electrification relationships in shallow clouds. We have revisited this topic in collaboration with Dr. Haf Jonson by using the KACEX observations are used to characterize the structure of clouds and precipitation streamers associated with fast precipitating clouds. The upwardfacing FMCW Doppler radar mounted on the TO is used to characterize precipitation structures. Two field mills mounted on the aircraft were used to examine the electric fields in and near the clouds.
As part of SEPS 2014, a total 16 flights were made with the CIRPAS Twin Otter in July-August 2014. These flights were made with the assistance of Research Scientist Virendra Ghate of the DOE Argonne National Laboratory and provided an excellent set of cases for studying precipitating and nonprecipitating clouds. During these flights, several cloud seeding and chaff experiments were carried out. On some of the TO flights the CIRPAS MWR-05-XP scanning phased array X-Band radar was used to track chaff releases made above the inversion capping the coastal stratocumulus decks sampled by the TO. For the SEPS observations the MWR made volume scans with a 45 o azimuth sweep and 0-55 o elevation scan in about 10 seconds. The radar was located at an overlook area on California Route 1 just north of the Point Sur Naval Facility at Hurricane Point. The MWR was on site and coordinated with 4 TO flights that were flown in the scan volume MWR. The scanning radar was able to track the X-Band chaff releases for longer than an hour when winds were weak.
RESULTS
Using the E-Peace observations, the effects of giant cloud condensation nuclei (GCCN) on precipitation processes in stratocumulus clouds was studied. Salt particles of 1-10 µm diameter were released from the Twin Otter while flying near cloud top on 3 August 2011 off the central coast of California. The seeded area was subsequently sampled from the CIRPAS TO using aerosol, cloud, and precipitation probes and an upward-facing cloud radar. During post-seeding sampling, made 30-60 minutes after seeding, the mean cloud droplet size increased, the droplet number concentration decreased, and large drop (e.g., diameter larger than 10µm) concentration increased. Average drizzle rates increased from about 0.05 mm hr -1 to 0.20 mm hr -1 , and cloud liquid water path decreased from about 52 g m -2 to 43 g m -2 . Strong radar returns (Fig. 1 ) associated with drizzle rates as high as 0.8 mm/day were observed on the post-seeding cloud-base level-leg flights and were accompanied by a substantial depletion of the cloud liquid water content. The changes were large enough to suggest that the salt particles with concentrations estimated to be 10 -2 to 10 -4 cm -3 resulted in a four-fold increase in the cloud base rainfall rate and a depletion of the cloud water due to rainout. Mechanisms and processes associated with the rapid formation of precipitation in shallow clouds are being studied with the KACEX (Key West) observations. Analyses of a case study for May 22, 2012 focus on the microphysical, dynamical, and electric field structure associated with shallow cumulus clouds less than 2.5 km deep that rapidly precipitate. The clouds were observed over the open waters south of Key West Florida. An example of observations made on one of the flight legs flown just above cloud base is shown in Fig. 2 . The radar reflectivity (from the cloud radar) along with cloud and precipitation water content, and the electric fields are shown as a function of distance along a west-east transect. At this level the cloud liquid water content is about 0.1 gm -3 while the maximum in the precipitation liquid water content is about 6-7 times larger. The electric field shows a large positive perturbation associated with the heavier precipitation area and a negative perturbation on the west side of the main area of precipitation. A similar pattern of all the parameters was observed on a leg made just prior to this one that transected the same cloud-precipitation feature. In subsequent legs flown in clouds with no precipitation present, there is a large negative charge in the cloud. Our preliminary analysis indicates that electric field perturbations of 100V/m and higher--well within the range where these fields may affect collision and coalescence processes-are consistently observed in and around the cloud system studied. However, further analysis is needed to determine if the electric field perturbations are real, or if they are affected by artifacts due to charging of the aircraft etc. Electric field measurements with two field mills were also made during SEPS; and a strong negative field was observed near the top of stratocumulus clouds studied; further analyses and additional observations will be needed to substantiate these electric field perturbations and their effects on the cloud microphysics. During SEPS the radar chaff technique demonstrated during BACEX was used to examine entrainment processes at the top of stratocumulus clouds using the TO FMCW cloud radar. The chaff used in these studies was pre-cut metallic coated fibers (cut to 1/2 the wavelength of the radar; 1.5 mm) that were dispersed from canisters carried in a pod beneath the wing of the CIRPAS Twin Otter. The fibers have a terminal velocity of about 2 cm/s and follow air motions. Here chaff was released just above the cloud top and then the TO made penetrations of the cloud at lower levels to observe the chaff signals above the aircraft with the zenith pointing cloud radar. The chaff distribution observed about 40 minutes after W-band chaff is dispensed above a stratocumulus cloud is shown in Fig. 3 for a August 7, 2014 case. In this case canisters of chaff were emptied along three legs flown parallel to the wind at a distance of about 2 km apart. The observations shown in Fig. 3 were made from a leg flown about 200 m below cloud top. The higher reflectivity returns within the boundary layer shown in Fig. 3 shows chaff returns that are tagging air entrained into the boundary layer. Although the chaff return features above the boundary layer are not easily explained, there is a region of chaff just above the clouds were there is a layer of chaff (15-30 seconds; about 1 km horizontally) that resides just on the top of the cloud. The entrained chaff in the boundary is associated with horizontal scales of about 200-400 m. Several other chaff cases were obtained during SEPS, and these will be included with the current case to further the structure of the entrainment events. These chaff traces provide a first ever 2-D look at cloud-top entrainment processes. These cases will also be prime candidates for simulations with Large Eddy Simulation (LES) models where tracers mimicking the dispersed chaff can be used in the simulations. For this Aug. 7 case the area where the chaff was dispersed was also within the scan volume of the X-Band scanning radar (MWR) located on the coast near Hurricane Point. X-band chaff (fibers cut to about 1.5 cm) was released along with the W-band chaff above the inversion and the MWR was able to map the temporal evolution of the 3-D chaff clouds for over an hour. 
IMPACT/APPLICATIONS
Some innovative applications of a cloud radar that were developed under ONR support have been used to advance observational techniques for studying cloud processes and aerosol-cloud-precipitation interactions. These techniques have the potential for further applications in studying clear air circulations in and around clouds. The chaff studies point to the potential of using shortwave-length scanning radars to track three-dimensional air motions in and around clouds time and to tag and track movements of air masses of interest. Although the work on the possible effects of warm-cloud electrification on the fast generation of precipitation are preliminary, if these effects are valid, major revision in how precipitation is parameterized in models operating at many scale will have to be made.
